The human lumbar spine can support much larger compressive loads if it is applied along a follower load path that approximates the tangent to the curve of the lumbar spine compared with the vertical load path. In this study, a musculoskeletal finite element model of the simplified lumbar spine including idealized psoas major muscles in the frontal plane was developed and the quantitative role of psoas major muscles was investigated to generate the follower load by using stiffness methods when vertical loads are given. The muscle force distributions were analyzed under various loading cases and follower load constraints. The validity of the developed model was assessed through comparison with previous modeling and experimental studies.
Numerical Analysis on Quantitative Role of Trunk Muscles in Spinal Stabilization

Introduction
The human lumbar spine can support substantial compressive loads of up to 1 000 N during typical activities of daily life such as standing, walking, running, etc. (1) During many lifting activities, the compressive loads are increased up to several thousand newtons (2) , (3) . In general, humans can withstand such large compressive loads without loss of spinal stability. However, in vitro experimental and computational studies, including those by Crisco et al. (4) and by Crisco and Panjabi (5) , showed that an intact ligamentous lumbar spine buckled at load levels less than 100 N, far below those seen in vivo when compressive loads were applied at the superior end in the vertical direction. Recently, Patwardhan et al. (6) introduced a follower load concept to explain the disagreement between in vivo and in vitro phenomena in the lumbar spine.
A follower load is a compressive load applied along a path that approximates the tangent to the curve of the column, called a follower load path, thus subjecting the column to nearly pure compression. The follower load concept was originated in an end rocket thrust applied to flexible missiles and spacecraft in the field of aerospace struc-tures engineering. Beck (7) first solved a stability problem about a cantilevered beam fully fixed at one tip end and subjected at the other to a tangential follower load in 1950s. This beam, referred to as Beck's column, was a simplified model of free-free beams under a follower load representing cantilevered columns subject to a rocket thrust or cantilevered fluid-conveying pipes. Many studies on problems involving follower loads have been advanced both theoretically and experimentally. These studies of simple follower force systems have helped provide a deeper understanding of much more complex practical and industrial stability problems. Herrmann (8) , (9) wrote general reviews about the classical follower load concept and Sugiyama and Sekiya (10) reviewed experimental works with follower loads. Weisshaar and Plaut (11) provided optimum design of structures subjected to follower loads. Recently, Bolotin (12) , and Langthjem and Sugiyama (13) surveyed the important developments in dynamic stability theory.
In the spine research field, Patwardhan and his colleagues first developed a new feasible experimental technique for applying physiologic compressive follower loads to a whole human lumbar spine (L1-S1) using mechanical apparatuses such as cables, guides, and pulleys (6) . They showed that the whole lumbar spine supported a compressive load of up to 1 200 N, which was the limit of the cable strength, with small angular changes in the sagittal and frontal planes when the load was applied along the follower load path. Patwardhan et al. (14) also assessed the response of the human cervical spine subjected to a compressive follower load and showed that the load-carrying capacity was increased. Rohlmann et al. (15) determined the effect of a follower load on mechanical behavior at all levels of the lumbar spine, and Patwardhan et al. (16) found that the load-displacement response of the lumbar spine in flexion-extension was affected by the magnitude of the follower preload and the follower preload path.
The aforementioned experimental observations indicate that the follower load concept is a possible mechanism for allowing the lumbar spine to support substantially large compressive loads in vivo. In contrast to in vitro experiments where activation of the trunk muscles is not considered, human trunk muscles act on the lumbar spine in order for a compressive load to transmit along the follower load path. However, it is still very difficult to measure muscle contraction forces in both in vivo and in vitro experiments in spite of their importance. Therefore, a musculoskeletal modeling of the lumbar spine and trunk muscles is indispensable to verify the quantitative role of human muscles in the generation of the follower load. Crisco and Panjabi (17) formulated a set of secondorder differential equations and boundary conditions that describe the lumbar spine model, including the trunk muscle activations with the classical beam-column theory, and analyzed the lateral stabilizing potential of multisegmental muscles. Patwardhan et al. (18) used an analytic model in Ref. (17) to evaluate the muscle force activation subjected to a follower load in the frontal plane. But it was assumed that only one muscle was active at a given vertebral level, and thus the observation of muscle activations was quite restrictive.
The stiffness analysis method widely used in structural analyses should be implemented in order to examine muscle forces acting on the lumbar spine. Panjabi et al. (19) first reported the stiffness properties of the human thoracic spine and Gardner-Morse et al. (20) demonstrated a method of incorporating the experimental stiffness of spinal motion segments into a finite element analysis of the spine as a stiffness matrix. Since the number of unknown muscle forces in the analysis is much greater than the number of equations governing the equilibrium states of the lumbar spine model, optimization techniques are necessary to solve this highly indeterminate problem. Stokes and Gardner-Morse (21) , (22) developed a finite element model of the lumbar spine and trunk muscles and predicted the muscle recruitment patterns using the stiffness analysis method with various physiological cost functions in optimization problems concerning analyses of load transmission through the lumbar spine. However, to the authors' knowledge, there has been no prior stiffness analysis study of the role of human trunk muscles in the lumbar spine model subjected to a follower load.
The purpose of this study is to develop a musculoskeletal finite element model of a simplified lumbar spine including idealized psoas major muscles in the frontal plane to investigate the quantitative role of muscles to generate follower loading patterns. The stiffness analysis method is employed when vertical loads are given and the muscle force distributions are analyzed under various loading cases and follower load constraints. Finally, the validity of the developed model is assessed through comparisons with the previous modeling and experimental studies.
Materials and Methods
A two-dimensional finite element model of a human lumbar spine was developed to investigate the response of the whole lumbar spine (L1-S1) in the frontal plane under external loads in the vertical direction and muscle forces acting on the lumbar spine. A global coordinate system in the frontal plane was defined, with the origin at the center of the first sacral vertebra, the x-axis pointing horizontally to the right, and the y-axis pointing upwards. This model had six node points of finite elements identified with the vertebral body centers of L1-L5 and S1 using geometric data in Ref. (18) in a laterally flexed standing posture ( Fig. 1) . Since the spine model was fixed at the sacrum and free to translate and rotate at L1 in the frontal plane, only five node points were dealt with in this analysis. Each finite element was assumed to have elastic stiffness properties given in Refs. (19) and (20) , and the stiffness matrix data therein was used for the motion of the intervertebral segments in three-dimensional space. In this study only three degrees of freedom, a translation in the lateral direction, a translation in the vertical direction, and a rotation around the anterior-posterior axis, were used since the model was limited to a two-dimensional problem.
As shown in Fig. 1 , vertical loads (P1-P5) were applied at each body center (L1-L5) to simulate external loads and/or gravitational loads. Unknown muscle forces ( f 1 m − f 10 m ) were applied at five nodes along the lines of action of muscles for an idealized muscle architecture that represents multisegmental muscles whose fascicles have a distal attachment in the sacrum/pelvis region and a proximal attachment near the vertebral body centers. The distances between the vertebral body centers and the proximal attachment points of ten muscles were regarded as perpendicular moment arms. In this model, the lengths of moment arms were assumed to be equally 15 mm based on the previous anatomical data (21) , (23) . Moreover, the muscles were assumed to be activated statically.
A follower load path was defined as having a direction parallel to the bisection of two adjacent segments at each node. A local coordinate system at each node in the frontal plane could then be defined with the origin at the node that is the vertebral body center. The x-axis is in the opposite direction to the follower load path, i.e., the follower direction, and the y-axis is in the perpendicular direction to the x-axis, or the shear direction. At each node, the resultant joint force could be decomposed into two force components, one in the follower direction and one in the shear direction. The former is referred to as the follower force and the latter the shear force. The ideal follower load concept could be defined such that all shear forces and bending moments were zero at each node.
The lumbar spine model is in static equilibrium when all the forces and moments at each node equal zero. The forces and moments used in the analysis consist of muscle forces and moments derived by muscle forces, motion segment forces and moments by the stiffness property, and applied external forces and moments. The total equilibrium equations at each vertebral segment are as follows:
where F m represents the muscle forces and the moments activated by muscles, F ext the external forces and moments acting on the five lumbar vertebrae, K the global stiffness matrix of motion segments in the lumbar spine, and d the translations and the rotations at each node, respectively. In this analysis two translations and a rotation at each vertebra and ten muscle forces were considered as state variables. The number of unknowns including muscle forces and displacements exceed that of equations describing the equilibrium state of the lumbar spine model, and this indeterminate problem is solved by the optimization technique. In this study, the quadratic sequential programming method was utilized to solve this optimization problem (MATLAB ® , MathWorks Inc., USA).
Two kinds of optimization problems were formulated in order to analyze the relation between the muscle forces and the resultant joint forces, the follower forces and the shear forces, under different follower load constraints. Problem 1 was formulated as:
where f i f denoted the follower force at the i-th node, i = 1,. . . , n e , f j s the shear force at the j-th node, j = 1,. . . , n e , f max s the maximum shear force of all nodes when no muscle activations were assumed, n e the number of elements, and n m the number of muscles. Here n e = 5 and n m = 10. Problem 2 was similarly formulated as: , n e and n m are defined as in problem 1. In problem 1, the maximum follower forces were minimized with the shear force constraint in order to minimize the intervertebral disk stresses. In problem 2, the sum of squared muscle forces was minimized with the shear force constraint in order to minimize the physiologic metabolic energy. It is supposed that pure resultant joint forces could be applied along the follower load path without shear forces at all nodes when r = 0.0. Hereinafter, we call this case the perfect follower load constraint. When r = 0.1, shear forces were allowed up to 10% of the maximum shear force at all nodes. We call this case the weak follower load constraint.
There were two sets of constraints for displacements of vertebral body centers and muscle forces acting on them. Displacements of body centers were constrained to be less than 2 mm and 2
• according to Ref. (21) . These constraints were chosen to represent physiologic limits. The upper bound of muscle forces was assumed to be 300 N based on the reported values of physiological crosssectional area (PCSA) of muscles and the range on the maximum effective muscle stress of 100 -900 kPa (21) , (23) . Three loading cases were tested for two constraints of muscle forces: In this paper, the responses of the lumbar spine model, such as translations and a rotation at each node, and the deformed shapes of the model were examined. Tilts of the superior element were investigated in problem 1 and problem 2 for both parameters r = 0.0 and 0.1 concerning the follower load. In addition, the muscle force combination and the corresponding resultant joint forces (the follower forces and the shear forces) were calculated. Finally, the changes of those muscle and joint forces with the variation of parameter r were sought in both optimization problems.
Results
The patterns of muscle activity on the lumbar spine model generating the follower loads could be estimated in both problems for all three loading cases. The activation of muscles in problem 1 coincided with that in problem 2 when r = 0.0, and the other values such as displacements, follower forces, and shear forces at each node were also identical in both problems.
The deformed shapes of the lumbar spine were obtained by calculating two translations and one rotation at each node L1-L5 for problems 1 and 2 under three loading cases, respectively ( Fig. 2 and Table 1 ). They were very similar to the initial posture of the model in both problems when r was equal to 0.0 as well as 0.1 in contrast to those for the non-follower load case which assumed no muscle activation.
In each problem, the magnitude of follower forces increased at lower level of vertebral body segment in all cases (Fig. 3) . The largest follower force in case r = 0.0 was larger than that in case r = 0.1 for all three loading cases in both problems. The decrease of the largest follower force from r = 0.0 to r = 0.1 in both two problems were greatest in the loading case 1, which had the biggest vertical load at L1. In addition, the decreasing ratio in problem 1 was greater than that in problem 2 ( Table 2) .
In both problems for all three loading cases, the shear forces at L1, L4, and L5 reached the upper bound of the constraint, which is 10% of the maximum shear force under the weak follower load constraint while the shear forces at all nodes were equal to zero under the perfect follower load constraint (Fig. 4) .
The magnitude of muscle force distribution increased as the vertical loading P1 increased in both problems. Among ten muscles forces, f 5 m was largest under every loading case in each problem when r = 0.0 and r = 0.1 (Fig. 5) . As r = 0.0 went to r = 0.1, f 5 m decreased and the reduced amount was dependent on the characteristic of the Table 1 Lateral tilts of L1-L2 under the perfect follower load constraint (r=0.0) and the weak follower load constraint (r = 0.1) in problem 1 and problem 2, and the non-follower load constraint for three loading cases (Unit: degree) Table 2 Decreasing ratio of the follower force at L5 when the perfect follower load constraint (r = 0.0) changed to the weak follower load constraint (r = 0.1) for three loading cases (Unit: %). (Table 3 ).
Discussion and Conclusion
The lumbar spine can support a much larger compressive load if it is applied along a follower load path that approximates the tangent to the curve of the lumbar spine compared with the vertical load path, as shown by results of several experimental studies (6) , (14) - (16) . Only one study previously dealt with a mathematical model of the lumbar spine in the frontal plane and the role of trunk muscles Table 3 Decreasing ratio of the maximum muscle force when the perfect follower load constraint (r = 0.0) changed to the weak follower load constraint (r = 0.1) for three loading cases (Unit: %).
subjected to a follower load using the differential equation theory by Patwardhan et al. (18) However, the model in Ref. (18) was restricted in that it assumed that only one muscle was active in each muscle pair at all levels. In order to analyze the model with many muscles, such as the lumbar spine model with its complex configurations and large number of muscles, the stiffness analysis method is appropriate.
In this paper, a two-dimensional lumbar spine model with multiple muscles activated in each level was developed and muscle activation patterns that transmitted the internal compressive forces along the follower load path were calculated. The validity of the model developed could be verified by comparing the response of the present model to results obtained in previous studies (18) . In addition, the changes of the response of model and the role of trunk muscles were also investigated when 10% deviation of the directions of joint force from the follower load path was allowed.
The activity of muscles in the generation of the follower load was uniquely derived under a given loading case regardless of the kind of cost function: the maximum follower force and the sum of squared muscle forces. The results indicated that the lumbar spine model was deformed very little in contrast to that without muscle activations. For each optimization problem, the deformed shape of the model under the weak follower load constraint was also similar to the initial shape. However, the magnitudes of the maximum muscle force and the follower force at the lowest level L5 under the weak follower load constraint decreased in comparison with those under the perfect follower load constraint. There was a slight difference between the results in the two optimization problems, although the decreasing tendency of the follower force and that of the muscle force were dependent on cost functions; the largest follower force in problem 1 reduced more than that in problem 2 while the magnitude of the muscle force in problem 2 declined more than that in problem 1. In particular, an approximately 20% decrease of the maximum muscle force in each case was distinguishable; this appeared to be efficient since the magnitude of the shear force was allowed up to 10% of the maximum shear force under a given load case. However, we did not perform a quantitative investigation to analyze the effects of weakening the follower load constraint on the efficient activation of muscles.
To date, most experimental research has dealt with a follower load in the sagittal plane. Therefore it is also necessary that the lumbar spine model be formulated in the sagittal plane to guarantee the validity of the mathematical model. Moreover, a three-dimensional model must ultimately be made to investigate the human lumbar spine and the trunk muscles physiologically.
Factors that decrease the accuracy of the developed mathematical model of the lumbar spine include the simplified and idealized geometric data, the linear stiffness matrix, and the static property of muscles in contrast to the complicated realistic data, the non-linear physiological stiffness properties, and viscoelasticity of the muscles, respectively. Due to the simple geometry, we could find the ideal follower load path with no shear force and no bending moment at every level. Despite the aforementioned restrictions and limitations, we could examine the overall role of trunk muscles to generate the follower load and therefore increase the loading capacity of the lumbar spine.
In conclusion, the follower load concept dealt in mechanical engineering and aerospace engineering areas was recently introduced in biomechanical research area to explain a possible mechanism of maintaining the spinal stability during daily activities. A musculoskeletal finite element model of the simplified lumbar spine including idealized trunk muscles was developed and two kinds of optimization problems were formulated to investigate the activation of trunk muscles satisfying the given follower load constraint. There were muscle force distributions which preserved the stability of the lumbar spine model with slight change of the shape under the follower load constraint while severe deformations of the spine segment occurred in the case of non-follower load constraint. It was observed that the magnitude of the maximum follower force and that of the muscle activation were reduced in both problem 1 and problem 2 when the follower load constraint was mitigated. Decreasing ratio in amount of the maximum follower force in problem 1 was greater than that in problem 2 while the muscle activation got the opposite result that it had larger decreasing ratio in problem 2 than that in problem 1 due to the characteristic of cost function in each optimization problem. Further researches on the effects of the mitigation of the follower load constraint concerning with the efficient activation of muscles as well as the implementation of a three-dimensional model with realistic anatomic and muscular structures are necessary to improve the confidence of the proposed musculoskeletal lumbar spine model and the spinal stability condition under the follower load.
